Abstract Variations in terrestrial oxygen-isotope reconstructions from ice cores and speleothems have been primarily attributed to climatic changes of surface air temperature, precipitation amount, or atmospheric circulation. Here we demonstrate with the fully coupled isotope-enabled Community Earth System Model an additional process contributing to the oxygen-isotope variations during glacial meltwater events. This process, termed "the direct meltwater effect," involves propagating large amounts of isotopically depleted meltwater throughout the hydrological cycle and is independent of climatic changes. We find that the direct meltwater effect can make up 15-35% of the δ 18 O signals in precipitation over Greenland and eastern Brazil for large freshwater forcings (0.25-0.50 sverdrup (10 6 m 3 /s)). Model simulations further demonstrate that the direct meltwater effect increases with the magnitude and duration of the freshwater forcing and is sensitive to both the location and shape of the meltwater. These new modeling results have important implications for past climate interpretations of δ 18 O.
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Introduction
Oxygen isotope ratios (typically reported as δ 18 O) in terrestrial paleoclimate archives have long been used to study the climate evolution of the late Quaternary (e.g., Jouzel et al., 1997; Y. Wang et al., 2001) . The δ 18 O signals in ice cores and terrestrial speleothems have primarily been interpreted as changes in surface air temperature and regional precipitation amount, respectively, based on the high-latitude "temperature effect" and the tropical "amount effect" (Dansgaard, 1964; Rozanski et al., 1993) . Later studies, however, point to more complex and nuanced interpretations in which the δ
18
O signal from ice cores reflects changes in moisture sources (Charles et al., 1994; Liu et al., 2012) , atmospheric circulation and weather processes (Hendricks et al., 2000; Lee et al., 2007; Noone, 2008) , sea ice margin positions (Sime et al., 2013) , and postdepositional processes (Steen-Larsen et al., 2014; Town et al., 2008) . Likewise, δ
O variations in speleothem records have also been related to changes in initial vapor source composition and transport trajectory (Lewis et al., 2010; Liu et al., 2014; Rozanski et al., 1993; Yuan et al., 2004) , changes in seasonality , the proportion of convective and stratiform precipitation (Aggarwal et al., 2016) , and numerous cloud-scale processes (Moore et al., 2014; Risi et al., 2008) .
Of all these influences on the δ 18 O signals, the dominant effects are largely explained by changes in climate.
However, large glacial meltwater events also serve as a nonclimatic driver of terrestrial δ 18 O variability. The glacial meltwater discharged into the northern North Atlantic Ocean by icebergs or surface runoff is considerably depleted in δ 18 O (δ 18 O~À30 to À50‰) compared to the surface ocean (Hillaire-Marcel & Causse, 1989; Sima et al., 2006) . This isotopically depleted meltwater can significantly decrease the isotope composition of the seawater into which it deposits (e. and LeGrande and Schmidt (2008) noticed this direct meltwater effect in precipitation-derived δ 18 O in their isotope-enabled models, but its impact on the terrestrial δ 18 O records has not been quantified. Importantly, it still remains unclear how large the direct meltwater effect is relative to the climatic effect and how this effect depends on the characteristics of the freshwater forcing, for example, the magnitude, location, and duration. The dependence on the characteristics of the freshwater forcing is of particularly interest to improve interpretations of terrestrial δ 18 O records, especially considering the large uncertainties in past meltwater events (Clark et al., 2001) .
In this study, we make the first attempt to quantify the importance of the direct meltwater effect in terrestrial δ 18 O records and investigate its dependence on the amount, location, and duration of the freshwater forcing using a suite of water hosing experiments with a fully coupled water isotope-enabled Earth system model. We focus our study on Greenland and eastern Brazil where multiple ice core and terrestrial speleothem δ 18 O records have been collected and used to reconstruct late Quaternary climate (e.g., Cruz et al., 2006 Cruz et al., , 2009 Johnsen et al., 2001; Stríkis et al., 2015; X. Wang et al., 2007) .
Model and Experiments
We employ the recently developed fully coupled water isotope-enabled Community Earth System Model version 1.3 (iCESM). The model has a similar physical climate as the CESM1 (Hurrell et al., 2013) but with the capability to explicitly simulate the water isotopes in each component-the atmosphere, land, ocean, sea ice, and river runoff Wong et al., 2017; Zhang et al., 2017; Zhu et al., 2017) . All our simulations were conducted using the iCESM with a horizontal resolution of 1.9 × 2.5°(latitude × longitude) for the atmosphere and land and a nominal 1°for the ocean and sea ice. A preindustrial control simulation was run for 500 years, with forcing fixed at the values from 1850 A.D. and water isotopes in the ocean initialized from the Goddard Institute for Space Studies observationally interpolated seawater δ 18 O data set .
A suite of idealized water hosing experiments with different freshwater forcing (Table 1 ) was carried out following previous studies (e.g., Brady & Otto-Bliesner, 2011; Otto-Bliesner & Brady, 2010; Stouffer et al., 2006) applying the input of isotopically depleted freshwater at the surface ocean (Hemming, 2004; Roche et al., 2014) . Importantly, to separate the direct meltwater effect from the indirect climatic δ 18 O changes, a parallel water hosing experiment (WH025aC) was carried out with a meltwater δ 18 O of zero. Any difference in δ 18 O between WH025a and WH025aC isolates the contribution of the direct meltwater effect, which is generated by the propagation of isotopically depleted meltwater directly through the hydrological cycle without involving changes in the physical climate. To study the sensitivity of the direct meltwater effect to the magnitude of freshwater forcing, additional 100 yearlong experiments with 0.10, 0.50, and 1.00 Sv of meltwater were performed (Table 1) . To explore the sensitivity of the direct meltwater effect to the location of freshwater forcing, another set of experiments were performed with 0.50 Sv of meltwater being discharged for 100 years into the Gulf of Mexico and the Weddell Sea, instead of the northern North Atlantic.
We investigate the direct meltwater effect in terrestrial oxygen-isotope records (e.g., ice cores and speleothems) using modeled annual mean δ
18
O in precipitation (δ 18 O p ), weighted by the monthly precipitation amounts. For illustrative purpose, the direct meltwater effect in Greenland ice core and eastern Brazil speleothem records is discussed in detail, but results can be generalized to other regions and other kinds of oxygen-isotope paleoclimate records.
Climate and δ

O Response to Freshwater Forcing
In WH025a, the maximum strength of the Atlantic Meridional Overturning Circulation (AMOC) decreases by 76% from 24.2 to 5.7 Sv in the first 100 years (Table 1 and Figure S1 in the supporting information). As a result of the reduced northward oceanic heat transport, the surface air temperature exhibits the expected bipolar seesaw response ( Figure S2 in the supporting information) (Broecker, 1992) . Along with the bipolar seesaw in surface temperature, there is a clear southward shift of the Intertropical Convergence Zone (ITCZ) in WH025a, especially over the Atlantic sector ( Figure S2 ). In general, the AMOC intensity and the climate characters (e.g., Greenland surface temperature and precipitation amount over eastern Brazil) respond more strongly and rapidly to a larger magnitude of freshwater forcing in the northern North Atlantic, but the climate response seems to saturate beyond 0.25 Sv ( Figure S1 ). Furthermore, meltwater discharged into the Gulf of Mexico also weakens the AMOC significantly but with a slower response (e.g., WH050a versus WH050b; Figure S1 ). The AMOC intensity and Greenland temperature only decrease slightly in the first 100 years if the freshwater forcing is applied to the Weddell Sea ( Figure S1 ). These climate responses and their sensitivity to the characteristics of freshwater forcing are similar to previous idealized water hosing experiments (Brady & Otto-Bliesner, 2011; He, 2011; Otto-Bliesner & Brady, 2010; Stouffer et al., 2006) .
In response to the isotopically depleted freshwater forcing in WH025a, δ 18 O in seawater (δ 18 O sw ) decreases significantly in the surface ocean, especially locally in the northern North Atlantic where the maximum decrease exceeds 4‰ in 100 years ( Figure S2 ). The depleted seawater is carried northward into the Arctic Ocean and southward into the subtropical and equatorial Atlantic by the gyre circulations. The evaporation over ocean further disperses the 18 O-depleted meltwater signal into the atmosphere and then the nearby continents through precipitation. Our experiments (WH025a and WH050a) capture the major pattern of abrupt changes in terrestrial δ 18 O records reasonably well (Figure 1 ), including the marked decrease of δ 18 O in Greenland ice cores ( Figure 1a ) (Johnsen et al., 2001 ), a decrease of δ 18 O in eastern Brazil stalagmite records ( Figure 1d ) (Cruz et al., 2006 (Cruz et al., , 2009 Stríkis et al., 2015; X. Wang et al., 2007) , an enrichment in southern China stalagmite records (Y. Wang et al., 2008; Y. J. Wang et al., 2001; Zhou et al., 2008) , and speleothem records in the western Pacific Warm Pool and lake sediment data in tropical Southeast Africa ( Figure S4 in the supporting information) (Carolin et al., 2013; Partin et al., 2007; Tierney et al., 2008) . A detailed comparison between the model-simulated responses in δ 18 O (with temperature-induced fractionation corrected using Kim & O'Neil, 1997) and the compilation of speleothem records during Heinrich events (Lewis et al., 2010) can be found in the supporting information (Text S3 and Figure S3) . Overall, the model can reproduce the δ 18 O changes during Heinrich events in speleothem records over East Asia and eastern Brazil remarkably well, with a correlation coefficient close to 0.9. Note. Details include the experiment name, magnitude of freshwater forcing (Sv), δ
18
O value of the meltwater (‰ with respect to Vienna Standard Mean Ocean Water, VSMOW), location of the freshwater forcing, length of the simulation (year), the AMOC strength (Sv), and Greenland temperature changes (°C) at year 100 in the simulations. We applied the forcing in the following regions: the N. Atlantic, 50-70°N; the Gulf of Mexico, 15-33°N, 255-279°E; and the Weddell Sea, 60-80°S, 290°E-30°E. 
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The Direct Meltwater Effect
Our experimental setup (e.g., WH025a versus WH025aC) enables us to separate the direct meltwater effect from the indirect climate effects during meltwater events. We find that the direct meltwater effect contributes a substantial portion, as large as 20%, to the total depletion of δ 18 O p in Greenland ice cores in response to the 0.25 Sv freshwater forcing in 300 years (Figures 1a-1c) . Over the Greenland Summit, the total decrease of δ 18 O reaches À6‰. Out of this decrease, about À0.8 to À1.0‰ can be explained by the transport of 18 O-depleted meltwater from the northern North Atlantic by the atmospheric circulations, without involving any variations in local temperature. The direct meltwater effect reaches a maximum in southeastern Greenland (e.g., about 20% at the Renland and Dye 3 sites) and decreases toward the northwest (e.g., 10% at the Camp Century site). These results suggest that attributing the δ 18 O signal in Greenland (e.g., Andersen et al., 2004; Grootes et al., 1993; NEEM community members, 2013 ) as a simple climate response (i.e., decrease in surface air temperature) during large meltwater events (Clark et al., 2004; Heinrich, 1988) could overestimate the δ 18 O signal and surface air temperature cooling, especially for cores in southeast Greenland.
The direct meltwater effect is not restricted to Greenland alone and is also significant in eastern Brazil (Figures 1d-1f ; 5-30°S, 35-55°W), where speleothem-based oxygen-isotope records have been used to study the past evolution of the South American Monsoon (Cruz et al., 2006 (Cruz et al., , 2009 Stríkis et al., 2015; X. Wang et al., 2007) . Specifically, a δ 18 O depletion of 1.0-1.6‰ during Heinrich events has been reported in eastern Brazil speleothem records and has been interpreted as an increase of regional rainfall amount associated with a southward shift of the ITCZ (Cruz et al., 2006 (Cruz et al., , 2009 Stríkis et al., 2015; X. Wang et al., 2007) . In WH025a, the average δ
18
O p depletion in 300 years is about 1.5‰ in eastern Brazil, agreeing quantitatively with these speleothem records (see also detailed model-data comparison in Figure S3 and Text S3). However, the additional water hosing experiment (WH025aC) suggests that 20-35% (~0.4‰) of the δ 18 O p depletion after 300 years is from the direct meltwater effect, indicating that changes in the δ 18 O climate response during meltwater events may not be as large as previously assumed.
The significance of the direct meltwater effect extends beyond Greenland and eastern Brazil to other regions, such as North America, Europe, and Asia. In WH025a, the direct meltwater effect over North America and Europe is larger than 50%, with the total δ 18 O p depletion in these regions around 1.0‰ ( Figure S4 ). It is also important to note that the direct meltwater effect can be opposite in sign to the indirect climate effects. For example, over the Caribbean region, the enrichment of δ 18 O p caused by the indirect climate effects (shift of the ITCZ) is 0.8-1.6‰, and the depletion caused by the direct meltwater effect is À0.6 to À0.8‰ ( Figure S4 ). As a result, the total δ 18 O p changes is only~0.5‰, revealing that the climate signal has been damped by the direct meltwater effect by more than 50%. Similarly, in the East and South Asian Monsoon region, total δ 18 O p enrichment in response to the freshwater forcing in the North Atlantic can also be offset by the direct meltwater effect, albeit only by a small amount (5-10%).
Dependence of the Direct Meltwater Effect on Characteristics of Freshwater Forcing
How does the magnitude of the direct meltwater effect vary with the amount, location, and duration of the meltwater discharged into the ocean? Figure 2 summarizes the importance of the direct meltwater effect in δ 18 O p in Greenland and eastern Brazil at year 100 of water hosing experiments (Table 1 ). The total depletion of δ
18
O p in both Greenland and eastern Brazil increases with the amount of meltwater discharged into the northern North Atlantic (Figures 2a and 2d) . However, the contribution by the direct meltwater effect increases almost linearly with the meltwater amount, so that its percentage increasing is proportional to the magnitude of the freshwater forcing (Figures 2b and 2e) . Over Greenland the direct meltwater effect after 100 years of freshwater forcing increases from~0.2‰ (5%) in the 0.10 Sv experiment to~3‰ (35%) in the 1.00 Sv experiment. This increase is more pronounced for stronger hosing because the indirect effect in Greenland saturates for freshwater forcing greater than 0.25 Sv (Figure S1 ), due to the minimum in AMOC intensity and negative feedbacks associated with surface temperature (e.g., long-wave radiation and lapse rate) ( Table 1) . As a result, there is a greater contribution from the direct meltwater effect over Greenland as the freshwater forcing in the northern North Atlantic becomes larger, especially for stronger hosing cases when the AMOC collapses. Similarly, the direct meltwater effect also becomes more prominent in eastern Brazil δ 18 O p with a larger freshwater forcing, with an increase from 0% in the 0.10 Sv experiment to~75% (2.1‰) in the 1.00 Sv experiment.
These features of the increased contribution of the direct meltwater effect are most apparent when the direct meltwater effect is plotted against the decrease of the AMOC (Figures 2c and 2f) . The direct meltwater effect in Greenland and eastern Brazil increases dramatically after the AMOC severely weakens (e.g., a weakening greater than 75%). These results suggest that the direct meltwater effect could be substantial in δ 18 O reconstructions from Greenland ice cores (>20%) and eastern Brazil speleothem δ 18 O records (>40%) for a collapse of AMOC caused by meltwater. Thus far, evidence from the Pa/Th ratios in ocean sediments seems to support the existence of a major disruption and collapses of the AMOC during the last glacial cycle (Böhm et al., 2015; Henry et al., 2016; McManus et al., 2004) likely associated with freshwater forcing (Clement & Peterson, 2008) . Our study therefore highlights a potentially important role of the direct meltwater effect in interpreting oxygen-isotope records over the last deglaciation.
In order to assess the sensitivity of the direct meltwater effect to the location of the freshwater forcing, we superimpose in Figure 2 the contributions of the direct meltwater effect in experiments wherein meltwater (0.50 Sv) is discharged into the Gulf of Mexico and the Weddell Sea. When the freshwater forcing is applied to the Gulf of Mexico, the difference in the contribution of the direct meltwater effect over Greenland and eastern Brazil from the northern North Atlantic case is within 5-10% (see also Figure S5 in the supporting information). Adding meltwater into the Weddell Sea does not cause large changes in the total δ 18 O p (< 0.5‰ for 0.50 Sv freshwater forcing) over Greenland and eastern Brazil (Figures 2a, 2d , and S5). We argue that the direct meltwater effect is nonnegligible in Greenland ice core δ
O records as long as the meltwater is discharged into any location in the North Atlantic, the Arctic Ocean, or even the North Pacific Ocean, because these are the major moisture source regions for precipitation over Greenland (see also Table S1 in the supporting information) (Charles et al., 1994; Rhines & Huybers, 2014; Sime et al., 2013; Sodemann et al., 2008; Werner, Mikolajewicz, Heimann, Hofmann, 2000) . Similarly, the direct meltwater effect could significantly influence the eastern Brazil δ 18 O records, as long as the meltwater can be easily transported to the moisture source regions such as the tropical North and South Atlantic (Table S1 ) (Drumond et al., 2008; Lewis et al., 2010) . We caution that experiments with freshwater forcing discharged into the Gulf of Figure S1 ). If we integrate the experiments further, the contribution of the direct meltwater effect could be larger.
Finally, the importance of the direct meltwater effect increases gradually with the increase of the duration of meltwater discharge in the northern North Atlantic. As shown in Figure 3 , the direct meltwater effect averaged over Greenland in the 0.25 Sv experiment increases almost linearly from about À0.6‰ (10%) at year 100 to about À0.9‰ (15%) at year 300 (Figure 3a , left axis), due to the slow redistribution of 18 O-depleted meltwater by the hydrological cycle in the model. In contrast, the indirect climate effect in Greenland reaches saturation in the first 70-80 years after the introduction of the meltwater (Figure 3a, right axis) . Similarly, the direct meltwater effect over eastern Brazil also increases with the duration of the freshwater forcing from about 15% at year 100 to 35% at year 300. Furthermore, if the freshwater forcing terminates after 100 years in the modeling runs (orange, cyan, and gray lines in Figure 3) , the direct meltwater effect over Greenland decreases rapidly to less than À0.2‰ (5%) in 50 years, while the climate effect remains unchanged. In eastern Brazil, the direct meltwater effect starts to decrease after~50 years. The transient nature of the direct meltwater effect makes it challenging to quantify in oxygen-isotope records, especially when the details (magnitude, location, and duration) of freshwater forcing in the past are currently poorly constrained by reconstructions (Clark et al., 2001 ).
Conclusions and Discussion
In summary, we find that a portion of the δ 18 O signals in terrestrial oxygen-isotope paleoclimate records during meltwater events can be attributed to the direct propagation of the 18 O-depleted meltwater by the hydrological cycle (the direct meltwater effect), without involving changes in local temperature, precipitation amount, or circulations (the climate effects). For a freshwater forcing of 0.25 Sv lasting 300 years in the North Atlantic, the direct meltwater effect contributes more than 15% (about 1.0‰) of the total δ
18
O depletion in Greenland and at least 25% (0.4‰) of the total δ 18 O depletion in eastern Brazil in our modeling experiments.
The contribution of the direct meltwater effect to the total δ
O signals is dependent on the magnitude, location, and duration of the freshwater forcing. In both Greenland and eastern Brazil, the direct meltwater effect at year 100 increases almost linearly with the magnitude of the freshwater forcing over the northern North Atlantic, from approximately 5% and 0% in the 0.10 Sv experiment to about 35% and 75% in the 1.00 Sv experiment, respectively. This linearity is largely because the direct meltwater effect is constrained only by the total amount of freshwater input, while the indirect climate effects are also constrained by climate dynamics, including thresholds related to the AMOC having a lower limit, such that additional freshwater forcing produces no meaningful changes in the oceanic overturning circulation or its impact on the climate system. The direct meltwater effect also increases gradually with the duration of meltwater discharge, but the effect ends in decades over Greenland once the freshwater forcing ceases. Furthermore, the direct meltwater effect still contributes a substantial amount to the total δ 18 O changes over Greenland and eastern Brazil when the freshwater forcing is applied to the Gulf of Mexico but becomes trivial when the forcing is added to the Weddell Sea.
Aside from Greenland and eastern Brazil, the direct meltwater effect is also found to be significant for other regions, for example, its contribution over the North America and downstream in high-latitude Eurasia continent exceeding 50%. Our modeling results suggest that simple climatic interpretations of the δ 18 O records in these regions could overestimate the climate signal, especially for the strongest meltwater events with large and long-lasting meltwater discharges. Interestingly, the direct meltwater effect can be opposite in sign to the climate effects, such as over the Caribbean, West Africa, and East and South Asia. This opposing δ 18 O effect may potentially mask part of the climatic effects and therefore lead to an underestimation of the climate signal during meltwater events in records from these regions.
The direct meltwater effect occurs in certain locations because the 18 O-depleted meltwater discharged into the ocean can alter the δ 18 O over the moisture source regions for that location. Water tagging experiments demonstrate that moisture originating from the North Atlantic contributes up to 58% and 15% of the precipitation over Greenland and eastern Brazil, respectively (Table S1 ). Thus, we argue that the direct meltwater effect could also be significant for other meltwater scenarios and in other terrestrial oxygen-isotope records, as long as the meltwater is discharged into or can be easily transported to the major moisture source of the δ 18 O p record sites.
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We note that these water hosing experiments are idealized, in an effort to concisely capture the relative contributions of the direct meltwater and indirect climatic effects. Related to this, we note further that our ocean model resolution is still too coarse to sufficiently resolve boundary processes that could be important for transporting freshwater from near-shore regions to the open ocean (Condron & Winsor, 2011; Keigwin et al., 2005) . Simulations with much higher resolution should be performed to fully resolve the behavior of freshwater from near-shore regions to the open ocean and to reevaluate the direct meltwater effect for meltwater routing events. The direct meltwater effect could also depend on the background climate state, that is, glacial versus interglacial conditions. Nevertheless, previous studies (Brady et al., 2013; He, 2011; Hu et al., 2008; Otto-Bliesner & Brady, 2010) suggest that a glacial boundary condition would induce similar climatic responses to freshwater forcing and is unlikely to substantially affect our results. Simulations using multiple water isotope-enabled climate models are also needed to further quantify the uncertainty of the direct meltwater effect for different regions and characteristics of freshwater forcing. Moreover, necessary caution should be taken when interpreting the model results, as the exact contribution of the direct meltwater effect in speleothem records could be compromised by multiple processes impacting stalagmite carbonate δ 18 O, including drip water δ 18 O, cave temperature, and complicated cave hydrological, and geochemical processes (Fairchild et al., 2006) .
Nonetheless, our modeling experiments clearly identify a largely underappreciated, nonclimatic portion of the δ 18 O signal in terrestrial-based reconstructions during meltwater events and suggest that previous climatic interpretations of these δ 18 O records may have been overestimated or underestimated, especially for strong meltwater events. The dependence of the direct meltwater effect on the details of freshwater forcing calls for future studies to obtain a robust detailed history of meltwater flux, in order for an accurate climatic interpretation of the δ 18 O in terrestrial paleoclimate records.
